Application of levulinic acid (LA), a competitive inhibitor of 8-aminolevulinic acid (ALA) dehydratase, to greening plant tissues causes ALA to accumulate at the expense of chlorophyll. 4,6-Dioxoheptanoic acid (DA), which has been reported to be an effective inhibitor of this enzyme in animal systems, has a similar but more powerful effect on Byron, Minn., were germinated in vermiculite in darkness at 22 C.
ALA3 is the first committed intermediate in the biosynthetic pathway leading to porphyrins, and it is the rate-limiting substrate for the synthesis of Chl, heme, and bile pigments in living systems (1O). LA, a competitive inhibitor of ALA dehydratase (19) , inhibits the conversion of ALA to PBG and tetrapyrroles, thereby causing ALA to accumulate at the expense of Chl (9, 11) . The measurement of ALA accumulation in vivo in the presence of LA has provided an important technique for studying the physiology and biochemistry of ALA synthesis in higher plants and algae (1, 4, 11) . In all of these studies, it has been assumed that LA specifically inhibits porphyrin biosynthesis (9) . However, there are reports which indicate that LA has other effects upon plant metabolism. Klein et al. (14) have shown that LA significantly reduced the number and size of thylakoids in grana of mesophyll chloroplasts from maize leaves. Konis et al. (15) have shown that LA prevents the synthesis of CPII, a pigment-protein complex associated with PSII activity, in greening maize leaves. LA is also reported to inhibit respiration in Scenedesmus (21) , to stimulate paramylum breakdown in Euglena (23) , and to retard cell division in Skeletonema (22) . In a preliminary study, Duggan et al. (5) afflicted with hereditary tyrosinemia (16) . This compound has been reported to be an effective inhibitor of ALA dehydratase in animal systems (6, 16) . Here, we report the inhibition of barley ALA dehydratase by DA, in vivo and in vitro. We also report evidence that LA and DA have effects upon plant metabolism other than those described for porphyrin synthesis. A preliminary report of this work has appeared (18) . Byron, Minn., were germinated in vermiculite in darkness at 22 C.
MATERIALS AND METHODS
All manipulations of plant material were carried out under a dim green safelight (7) . The apical 5-cm portion of 7-day-old leaves was excised in the dark and divided into 1-cm segments. One g lots were placed into 125-ml Erlenmeyer flasks containing 1 to 5 ,uCi of "4C-labeled compound, plus any additions, in 1.0 ml of 50 mm K-phosphate buffer, pH 5.0, and incubated for up to 4 h in the dark or in the light. Incubations with 32Pi were carried out in 50 mm citrate buffer, pH 5.0.
Irradiations. Irradiations were carried out at 22 C for the indicated time under GE Cool-White fluorescent lamps at an irradiance of 1.5 x 104 ergs/cm2. s.
Assay of ALA Dehydratase. ALA dehydratase (EC 4.3.1.24) was assayed by a modification of the method of Nandi and Waygood (20) . Ten g of etiolated leaves, irradiated for I h, were ground in a mortar and pestle at 4 C in 20 ml of 50 mm Tris-HCl, pH 7.6, containing 10 mm cysteine. After filtration through four layers of cheese cloth, the extract was centrifuged at 18,000g for 15 min, and the supernatant used as a source of enzyme. Incubations were carried out at 30 C, with or without LA or DA, as indicated. The reaction mixture contained: ALA, 7.5 .tmol; Tris-HCI, 98 ,umol; MgCl2, 9.9 ,umol; GSH, 30,umol; and protein, 1.25 mg, in a final volume of 3.0 ml. The reaction was stopped by addition of 1.0 ml of 20% trichloroacetic acid, and porphobilinogen was determined by the method of Mauzerall and Granick (17) .
Determination of ALA Accumulation in Vivo. ALA, which accumulated in irradiated barley leaves treated with LA or DA, was determined as described previously (12 LEVULINIC ACID AND DIOXOHEPTANOIC ACID tracting the sum of the residual label found in this solution plus the total "'CO2 evolved during the experiment from the amount of label added at the start of the experiment. The measurement of "'CO2 evolution was carried out as previously described (3, 8) . Radioactivity was determined with a Packard PRIAS liquid scintillation counter.
Determination of Protein Synthesis. The washed leaves were gently blotted, then frozen in liquid N2 and homogenized with 10 ml of 5% trichloroacetic acid in a chilled mortar. The pellet, which was obtained by centrifuging this suspension at 18,000g for 10 min, was washed twice with 10 ml of 5% trichloroacetic acid followed by one wash with 10 ml of 100%o ethanol. The pellet was dried overnight in vacuo, then hydrolyzed in 2 N KOH at 100 C for 30 min and the radioactivity solubilized was then determined.
Uptake and Incorporation of 32Pi. Following incubation with 25 ,uCi of NaH,32P04, the barley leaves were washed in water, blotted dry, frozen in liquid N2, and ground to a fine powder with a mortar and pestle. While the pulverized tissue was still frozen, 4.0 ml of 0.5 M HC104 was added and the material extracted. Additional aliquots of acid were added to ensure complete extraction of Pi from the precipitate. The brei plus combined acid washings was centrifuged for 10 min at 39,000g, the supernatant was brought to volume, and an aliquot was removed to determine the total Pi taken up. One ml of the supernatant was mixed with 0.1 ml of aqueous Norit suspension, the Norit was washed exhaustively with water, and the absorbed radioactivity, a measure of organophosphorus, was assayed (13) .
Chemicals. ALA, LA, a-ketoglutaric acid, 2-hydroxyglutaric acid, malonic acid, and Norit A were purchased from Sigma; DA, 
RESULTS
Effect of LA and DA on ALA Dehydratase Activity. LA and DA inhibited the ALA dehydratase extracted from barley leaves (Table I) . DA is a more powerful inhibitor of ALA dehydratase in plant tissue than is LA: the concentration for 50%o inhibition is more than 1,000 times lower than for LA (Table I) .
Effect of LA and DA on ALA Accumulation and Chi Synthesis.
LA and DA inhibited Chl synthesis and caused ALA to accumulate when they were fed to etiolated barley leaves exposed to light (Fig. 1) . In 5 mm DA-treated barley leaves, more ALA was accumulated and the inhibition of Chl synthesis was higher than in 15 mm LA-treated leaves, indicating that DA is a more powerful inhibitor of ALA utilization than is LA. The ALA extracted from LA-and DA-treated tissue was converted to a pyrrole (17) ; in each case, the absorption spectrum which the pyrrole yielded upon reaction with Ehrlich's reagent was identical to that of authentic ALA-pyrrole (Fig. 2) .
Increasing the concentration of DA up to 15 mm caused an increase in ALA accumulation and a corresponding decrease in Chl synthesis in greening barley leaves (Fig. 3) . Because 5 mm DA gave high yields of ALA and was found to inhibit Chl synthesis by nearly 50%o (Fig. 3) , it was chosen as the standard concentration in subsequent experiments with barley leaves. Con- (Fig. 3) .
Stoichiometric Relationship between ALA Accumulation and Chl Formation. At concentrations of 1 mm and above, DA inhibited total ALA accumulation (Table II) . If the ALA found in the DA-treated leaves were solely due to the inhibition of its utilization for Chl production, a 1:1 ratio between the total amount of ALA synthesized in DA-treated leaves (ALA accumulated plus Chl produced) and Chl accumulated in nontreated leaves would be expected, taking into account that 8 molecules of ALA are required to form 1 molecule of Chl. The ratio between ALA found and expected was less than 1.0, and the amount of ALA accumulated in DA-treated barley leaves was less than that expected from the inhibition of Chl synthesis (Table II) .
Effect of LA and DA on the Uptake and Metabolism of "CLabeled Organic Compounds. LA and DA had similar effects on the uptake of a variety of organic compounds, both of them inhibiting uptake (Table III) An aliphatic amino acid, L-isoleucine, had a minor effect upon the uptake of 32Pi (6% inhibition), but increased organophosphorus synthesis by 60%o. DISCUSSION DA is a more effective inhibitor ofbarley-leaf ALA dehydratase than is LA; the sensitivity of the enzyme to DA is about 1000 times higher than that for LA (Table I ). Yet, the amount of ALA accumulated in vivo by barley leaves at a given concentration of DA is only about two to three times higher than that at a similar concentration of LA even though the maximum amount of ALA accumulated at saturating levels of both inhibitor is the same (Fig.  3) . The lower apparent sensitivity to DA, in vivo as compared to that in vitro, might be due to permeability differences between LA and DA. Our results are similar to those reported by Ebert et al. (6) .
DA, like LA and ALA, is a y-keto acid. The essential structural characteristic that these three compounds share is the succinyl moiety (Fig. 4) . Apparently, this group is essential for binding to ALA dehydratase. Acetylacetone, which differs from DA by having an acetyl group instead of the succinyl group, did not affect Chl synthesis or lead to ALA accumulation in greening barley leaves (data not shown).
The ratio between "ALA found" and "ALA expected" in DAtreated barley leaves was less than 1.0, and the amount of ALA accumulated was less than that expected from the deficit in Chl formation (Table II) . The amount of ALA accumulated in LAtreated barley leaves has also been reported to be insufficient to account for the inhibition in Chl synthesis (2) . Here, we report effects of LA and DA upon plant metabolism other than those described for porphyrin synthesis (14, 15) . For example, LA and DA inhibited the uptake and metabolism of a large variety of "C-labeled organic and amino acids by barley leaves, both in the light and in the dark (Table III) . The fact that LA and DA inhibit the uptake and metabolism of such a wide variety of compounds tends to indicate that their effect is not specifically tied to ALA metabolism. Moreover, the greater inhibition of [4-'4CJALA and [I -"Clglutamate metabolism in the light, as compared to that in the dark, should be considered in those experiments where LA is used to produce ALA accumulation. The reason for the same degree of inhibition of uptake of the labeled compounds in the light and in the dark is not clear, but must be distinct from its effect upon the metabolism of these labeled compounds.
Among the various compounds metabolized to CO2 (Table  III) , an interesting relationship is apparent: compounds which are more extensively metabolized to 1 CO2 are less sensitive to inhibition by LA and DA. For example, more than 60% of the label taken up from [1-_4C] glutamate and [5-'4C]ketoglutarate was metabolized to 14CO2. The metabolism of these compounds, which are known to be rapidly oxidized via the tricarboxylic acid cycle, was hardly affected bv LA and DA (Table III) . In contrast, no more than 1.5% of [U-4Cqvaline and [U-_4CJlysine was converted to 14CO2 during a similar experiment, and the metabolism of these compounds was considerably more sensitive to LA and DA (Table  III) . Both of these compounds must pass through a number of biochemical steps before their carbon atoms are oxidized in the tricarboxylic acid cycle.
Both LA and DA inhibited the incorporation of "C-labeled amino acids into protein in darkness. This result is a further indication that these inhibitory effects of LA and DA are separate from, and independent of, their effects upon Chl synthesis since the latter is expressed only in the light; ie. under conditions where ALA is being synthesized. LA and DA also affect the uptake and incorporation of 32Pi into organophosphorus.
These results indicate that, in addition to their roles as inhibitors of ALA dehydratase, these compounds, LA and DA, apparently influence a variety of other biological processes, and these other effects should be taken into account in studies which employ LA or DA.
